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L’ostéonécrose (ON) et les fractures (FR) sont des complications qui prennent de plus en plus 
place dans le traitement pédiatrique de la leucémie aiguë lymphoblastique (LAL). L’ON peut 
être causée par différents facteurs, dont principalement l’utilisation de glucocorticoïdes. Les 
glucocorticoïdes sont administrés lors du traitement de la leucémie dans le but d’initier 
l’apoptose des cellules malignes tout en ayant un effet anti-inflammatoire. Cependant, 
l’utilisation de ces corticostéroïdes comprend des effets secondaires sérieux, notamment le 
développement d’ostéonécrose. Des variantes génétiques peuvent mettre certains patients plus 
à risque que d’autres. Plusieurs gènes ont déjà été signalés comme régulés par les actions 
glucocorticoïdes (GC). Les variations génétiques présentes dans les régions régulatrices de ces 
gènes peuvent affecter leur fonctionnement normal et, en fin de compte, de déterminer un risque 
accru de développer l’ON associé au traitement contre la leucémie. Pour cette raison, plusieurs 
polymorphismes ont été identifiés et étudiés dans la cohorte QcALL de Ste-Justine, concernant 
les gènes suivants : ABCB1, ACP1, BCL2L11, NFKB1, PARP1, et SHMT1. Ces gènes jouent 
majoritairement un rôle dans les mécanismes d’action des glucocorticoïdes, mais quelques-uns 
ont plutôt un effet direct sur le développement d’ostéonécrose. Nos recherches ont démontré 
une corrélation entre ces polymorphismes et l’apparition d’ostéonécrose chez les patients de la 
cohorte QcALL, traités aux glucocorticoïdes. L'incidence cumulative de l'ostéonécrose a été 
évaluée rétrospectivement chez 305 enfants atteints de la leucémie qui ont subi un traitement à 
l’hôpital Ste-Justine selon les protocoles DFCI de Boston (87-01, 91-01, 95-01 et 2000-01).  
Parmi les huit polymorphismes de BCL2L11 étudiés, les 891T> G (rs2241843) et 29201C> T 
(rs724710) ont été significativement associés à ON (p = 0.01 et p = 0.03, respectivement). 
L'association du polymorphisme 891T> G a été modulée par le type de corticostéroïde (CS), 
l’âge, le sexe et le groupe à risque (p ≤ 0,05). Le polymorphisme 29201C> T était 
particulièrement apparent chez les patients à haut risque (p = 0,003). La même étude était 
conduite en parallèle sur des patients de la cohorte DFCI de Boston (N = 192), et montrait des 
résultats significatifs pour les polymorphismes étudiés. En conclusion, les résultats de cette 
étude permettront de confirmer l’association de ces polymorphismes au développement d’ON 
chez les patients de LLA traités aux GC. 
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Osteonecrosis (ON) and fractures (FR) are complications that take place in the treatment of 
children acute lymphoblastic leukemia (cALL). They can be caused by various factors, mainly 
using glucocorticoids. The corticosteroids, dexamethasone (DXM) and prednisone (PDN) are 
administered during the treatment of leukemia to initiate apoptosis of malignant cells; while 
having an anti-inflammatory effect. However, the use of these corticosteroids has severe side 
effects, including the development of osteonecrosis. Moreover, some patients develop resistance 
to treatment, and are at risk of developing side effects. The genetic variants predispose some 
patients at higher risk than others. Several genes have been previously reported as up- or down 
regulated by the GCs actions. The genetic variations present in gene coding or regulatory regions 
can affect their function and ultimately determine an increased risk of developing ON associated 
to ALL therapy. Therefore, we investigated the association between several single nucleotide 
polymorphisms (SNPs) in six candidate genes: BCL2L11, NFKB1, PARP1, ABCB1, ACP1, and 
SHMT1. These genes play a role in the mechanisms of action of glucocorticoids, but some have 
more of a direct effect on the development of osteonecrosis. Our research has shown a 
correlation between these polymorphisms and the occurrence of osteonecrosis in patients in the 
QCALL cohort, treated with glucocorticoids. Cumulative incidence of osteonecrosis was 
assessed retrospectively in 305 children with ALL who underwent treatment with DFCI 
protocols (87-01, 91-01, 95-01 and 2000-01) in childhood ALL cohort from Quebec (QcALL). 
Among the eight tag BCL2L11 polymorphisms studied the 891T>G (rs2241843) and 29201C>T 
(rs724710) were significantly associated with ON (p = 0.01 and p = 0.03, respectively). 
Association of 891T>G polymorphism was modulated by type of corticosteroid (CS), age, sex 
and risk group (p ≤ 0.05 and that of 29201C>T was particularly apparent among high risk (p = 
0.003) patients. These polymorphisms have shown significant ON association in several QcALL 
risk groups, mainly in corticosteroid groups, age < 10 years, and high risk (HR) group. 
Furthermore, the same study was conducted in parallel with patients in the replication (DFCI) 
cohort (N = 192), and we showed significant genetic association results for all studied 
polymorphisms. In conclusion, this study identifies that some ALL children have a high 
incidence of ON during the treatment that is highly associated with polymorphisms in different 
genes regulated by corticosteroids and ALL prognostic factors. 
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CHAPTER 1: INTRODUCTION 
1.1 ACUTE LYMPHOBLASTIC LEUKEMIA (ALL) 
1.1.1 Introduction to ALL 
Acute lymphoblastic leukemia (ALL) is seen in both children and adults, but its incidence is 
higher in the pediatric population, between ages 2 and 4 years. In the pediatric population, B-
acute lymphoblastic leukemia (B-ALL) is the most prevalent childhood malignancy, where it 
accounts for 81% of childhood leukemia, and it is as well the leading cause of childhood cancer-
related mortality [1]. On the contrary, T-acute lymphoblastic leukemia (T-ALL) accounts for 
about 15% of pediatric cases and 20% of adults’ cases [2]. 
 Leukemia is a complex disease characterized by deregulated proliferation of clonally expanded 
immature lymphoid or myeloid progenitor cells.  As detected by conventional cytogenetic 
methods, patients with B-ALL have a higher percentage of abnormal clones (80%-90%) than 
do patients with T-lineage ALL (60%-70%) [2]. 
  
1.1.2 Diagnostic and classification of ALL 
Acute lymphocytic leukemia (ALL) is a fast-growing cancer of lymphocyte-forming cells, so-
called lymphoblasts. In the past, ALL has been classified according to the French-American-
British (FAB) classification in three types: L1, L2 and L3. This classification, based on 
lymphocyte morphology is no longer used, it has now been replaced by the World Health 
Organization (WHO) classification. In the most recent WHO classification, the neoplasms 
lymphoid are assigned to two principal categories: B- and T-lineage lymphoid precursors. 
Current standard cytogenetic, molecular and immunophenotyping assays using higher 
sensitivity and specificity tools (such as fluorescence in situ hybridization (FISH) and multi-
channel flow cytometry), could help to further divide ALL in subtypes according to karyotype 
abnormalities and translocations [3, 4].  
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1.1.2.1 Diagnostic based on immunophotype of B- and T-lineage ALL  
In B-lineage ALL the most important markers for differential diagnosis are CD19, CD20, CD22 
(membrane and cytoplasm), CD24, and CD79a; which are useful markers used in a rapid 
immunological assay, for instance in monitoring minimal residual diseases (MRD), during or 
after ALL therapy [5]. The presence of CD10 antigen defines the "common" ALL subgroup. T-
cell markers for diagnostics are CD1a, CD2, CD3 (membrane and cytoplasm), CD4, CD5, CD7 
[2].   
 
1.1.2.2 Diagnostic based on cytogenetics 
Additional to immunophenotyping using membrane and cytoplasmic CD markers, cytogenetics 
represents an important step in ALL diagnosis.  
The conventional karyotyping tests have been used for a rapid detection of numerical or 
structural karyotype alterations, such as hypo- and hyperdiploidy or gain or loss of chromosomal 
material. Modern sensitive tools, as fluorescence in situ hybridization (FISH) technology 
enabled the detection of genetic rearrangements and chromosomal abnormalities with high 
specificity, by using locus-specific probes for their detection. Many ALL subtypes are 
characterized by genetic alterations that perturb multiple key cellular pathways, including 
hematopoietic development, signalling or proliferation, and epigenetic regulation.  
 
1.1.3 Genetic inherited factors as predictive of risk 
Many factors, also called prognostic factors can affect a patient’s prognosis. The prognostic 
factors could be related to the leukemia disease (ALL subtypes, number of chromosomes or 
translocations), or to the patient characteristics, such as: age, initial white blood cells (WBC), 
gender, race.   
 
Two most important patients’ predictors (age and initial WBC) are used in diagnostics to correct 
assign patients in ALL group risks. Based on these two prognostic factors, National Cancer 
Institute criteria (NCI) stratifies B-cell patients, in standard group, patients aged between 1 – 9 
years and an initial WBC < 50,000 / L); and in high-risk group, patients older than 10 years 
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and WBC >50,000 / L. Generally, children in standard-risk group are at low-risk, they have a 
better prognosis than those at high-risk which are receiving intensive treatment.  
 
Additional to age and WBC initial count, there are other high patient risk factors which are 
important, such as: gender, other organs involvement (CNS, lymph nodes, spleen, liver) or 
unfavourable cytogenetics (Hypodiploidy), t(9;22), BCR-ABL1 or MLL rearrangements [6-12]. 
Most frequent cytogenetic abnormalities in B-lineage are the hyperdiploidy > 50 chromosomes 
[Fig. A], which occurs in 25% of childhood B-cell precursor ALL and is associated with an 
intermediate risk [13, 14]. On the contrary, the ETV6-RUNX1 fusion [t(12;21)(p13;q22)] is also 
observed in 25% of childhood B-cell precursor ALL and is associated with a favourable outcome 
[15]. Patients with Ph-positive ALL have a translocation of chromosomes 22 and 9, denoted as 
t(9;22) BCR-ABL1. 
 




This abnormal structure results in a gene mutation (change) called BCR-ABL in 3% of B-cell 
precursor ALL and is associated with unfavourable prognostic. For these patients, the reported 
overall EFS rate of about 25% and 10% in the case of Ph+ ALL [ 8, 9, 12]. 
 
At present, there are no genetic markers in T-ALL that reliably predict treatment response or 
outcomes. Many of the translocations seen in T-ALL are recurrent but with a low frequency.  
Some genetic markers have been shown to be of clinical relevance in a small series of pediatric 
patients with T-ALL: TLX1(HOX11)+ was associated with a favourable outcome, and TAL1+ 
and LYL1+ were associated with unfavourable prognosis [16]. 
 
Unlike that in B-precursor ALL, high leukocyte count does not identify high-risk T-ALL in 
children or adults. Also, no correlation of age with sex, initial white blood cell count, CNS 
disease, or early treatment response was found. Historically unfavourable outcome of patients 
with T-ALL has recently improved using highly effective treatment protocols. T-ALL is now 
treated in the same way as high-risk B-progenitor ALL. With appropriately intensive therapy, 
children with T-ALL have an outcome similar to that of children with B-precursor ALL, i.e., 
the estimated 5-year event-free survival (EFS) is 75% to 80% [7]. Nevertheless, patients with 
T-ALL remain at increased risk for remission induction failure, early relapse, and isolated CNS 
relapse [17]. 
 
1.1.4 ALL treatment 
Improvements in the survival rate for ALL in children continue to be observed in the last 
decades. Multiple factors greatly contributed to this improvement, including a better 
understanding of immunobiology and cytology of ALL, the use of a combination of effective 
drugs at optimized doses, as well as the identification of prognostic factors with risk-adapted 
intensification treatment.  
 
There are several protocols of treatments in ALL. Despite certain differences in success rates, 
more than 90% treated patients will enter remission and about 85% will survive free of leukemia 
recurrence 5-years from diagnosis [17-19]. Dana Farber Cancer Institute (DFCI) Consortium 
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protocols are multi institutional protocols used as research protocols in the United States and 
Canada, since 1981. Thereby Ste-Justine Hospital Research Center treat ALL patients in 
accordance with DFCI protocols. The DFCI protocols consist of five phases of therapy for a 
duration of two years [Fig. B], which are: investigational window (3-5 days), remission 
induction (4 weeks), CNS treatment (3 weeks), intensification (30 weeks), and continuation (71 




Figure B. Schema of DFCI-ALL consortium clinical research protocols 
The goal of investigational window, in DFCI 91-01 protocol, was to evaluate a single therapeutic 
drug efficiency response (corticosteroid, PDN or DXM) prior to the induction phase. In the 
induction phase, a complete remission is induced. In this phase, more than 99 % of leukemia 
cells are killed and a normal hematopoiesis is restored. The duration of induction phase is for 4 
weeks and the ALL patients receive multi-drug therapy: corticosteroids, doxorubicin, cytarabin, 
asparaginase, vincristine and methotrexate. During intensification and consolidation phases, the 
ALL patients receive similar drugs as during induction, but with differences in duration; their 
goals are to completely reduce the presence of lymphoblasts and maintain a complete remission.  
 
Minimal residual disease (MRD) is used to describe residual disease after induction 
chemotherapy, as a number of leukemia cells that remain in the patient during the treatment 
which is compatible with the cure [23]. During ALL phases, a continued monitoring of MRD is 
performed, and it gives an indication of treatment efficacy, patient remission status, or to detect 
recurrence/ relapse after long-term remission. The MRD threshold is defined by a positive 

















Corticosteroids, prednisone (PDN) and dexamethasone (DXM) are an essential component of 
treatment for ALL therapy. They play a crucial role to induce apoptosis in the malignant 
lymphoid cells. In some protocols, the corticosteroids are used as a single drug in induction 
phase to induce a complete remission [17]. PDN is generally used in the induction phase to 
induce complete remission and a poor response following a 7-day course of PDN in some ALL 
treatment protocol is not considered as an indicator that patients are switched to more intensive 
induction therapies in order to increase efficacy. Therefore, PDN response in childhood ALL is 
currently a prognostic factor utilized in the adaptation of chemotherapy treatment protocols. On 
the other hand, DXM tends to be more used in intensification and consolidation phases due to 
their higher anti-leukemic activity and better central nervous system (CNS) penetration than 
prednisone [25]. Detailed DFCI therapy, including drug dosage and drug-delivery sequence, has 
been reported in several publications [18-22]; therefore, only the corticosteroid-related 
differences (type, and daily doses) are described in Figure C. Common to all DFCI protocols, 
PDN has been used in the induction phase as the only corticosteroid; at a dose of 40 mg/m2/d 
for the duration of 28 days.  
 
 












Only DFCI 91-01; 
Randomization:
PDN (40mg/m2/d)  
DXM (6, 18, 150 
mg/m2/d), 3-5d









DFCI ‘87-01: PDN (40 mg/m2/d)  
DFCI ‘ 91-01: DXM (6 mg/m2/d) 
DFCI ‘ 95-01: PDN (40 mg/m2/d) 
DFCI 2000-01: DXM (6 mg/m2/d) 
HR group: 
DFCI ‘87-01: PDN (120 mg/m2/d) 
DFCI ‘ 91-01: DXM(18 mg/m2/d) 
DFCI ‘ 95-01: PDN (120 mg/m2/d) 




DFCI ‘87-01: PDN (40 mg/m2/d)  
DFCI ‘ 91-01: DXM (6 mg/m2/d) 
DFCI ‘ 95-01: PDN (40 mg/m2/d) 
DFCI 2000-01: Randomization
PDN: (40 mg/m2/d) 
DXM (6 mg/m2/d) 
HR group: 
DFCI ‘87-01: PDN (120 mg/m2/d) 
DFCI ‘ 91-01: DXM(18 mg/m2/d) 
DFCI ‘ 95-01: PDN (120 mg/m2/d) 
DFCI 2000-01: Randomization









Exceptionally, a pre-induction phase was included in protocol 91-01, also called investigational 
window in which patients were randomized to PDN (40 mg/m2/d) or DXM (6, 18, 150 mg/m2/d). 
Protocols 87-01 and 95–01 followed a similar plan, on both protocols, intensification therapy 
was characterized by the use of PDN. On the contrary, in protocols 91-01 and 2000-01, DXM 
was used in the intensification phase instead of PDN. In all protocols, during intensification, 
high risk (HR) patients received three times more corticosteroids (120 mg/m2/d of PDN or 18 
mg/m2/d of DXM) as standard risk (SR) patients (40 mg/m2/d of PDN or 6 mg/m2/d of PDN). 
HR patients received three times as much prednisone (120 mg/m2/d) as SR patients (40 mg/m2/d) 
during intensification. Similar, the continuation therapy was used for protocols 87-01 and 95–
01, with PDN at 40 mg/m2/d (SR) or PDN at 120 mg/m2/d (HR). In protocol 2000-01, 
continuation therapy was similar to protocol 91–01 except that both SR and HR patients were 
randomized to receive either PDN or DXM and received same doses as SR group [18-22]. 
 
1.2 GLUCOCORTICOID-INDUCED APOPTOSIS 
1.2.1 Glucocorticoid receptor  
The glucocorticoids exert a wide range of physiological effects, including the induction of 
apoptosis in lymphocytes. In glucocorticoid sensitive cells, apoptosis and other cellular effects 
are induced through the activation of the glucocorticoid receptor (GR). The gene encoding the 
human GR receptor (hGR) is located on chromosome 5 in loci 31-32 (5q31-32) [27]; it generates 
different splice and translation protein variants, all of which are modular proteins that contain 
three distinct functional regions: N-terminal trans-activation domain (NTD), the central zinc-






Figure D. Structure of human glucocorticoid receptor GR gene [27]. 
Alternative splicing of exon 9 of the hGR results in two major isoforms: hGR and hGR. The 
hGR isoform is highly expressed and is responsible for classical signalling and modulations 
of gene transcriptions. The hGR isoform is less expressed in corticosteroid sensitive cells, and 
may function as a dominant negative inhibitor of hGR signalling, which explain in some cases 
resistance to CS. Furthermore, by alternative translation initiation sites in the NTD region, 
additional GR-C and GR-D isoforms are produced [27, 28]. Thereby, the NTD which is the 
immunogenic region, is considered the most variable in length and primary sequence among 
other 2 regions of the steroid hormone receptors [29]. The different translational isoforms of 
GR-C (C1-C3) and GR-D (D1-D3), respectively have been shown to induce apoptosis at 
different rates. The GR-C isoform was identified as the most potent inducer of apoptosis 
compared to GR-D; which can explain, in part, the broad range of responses to GC-induced 
apoptosis in responsive cells. [30, 31].  
 
1.2.2 Glucocorticoid receptor signalling 
GCs can exert their effects either at genomic or non-genomic level. Genomic actions of GCs are 






chaperone proteins (Hsp90) which keeps GR in inactive state [32], homodimerises via the C-
terminal LDB regions [33] and translocates to the nucleus and function as a ligand-activated 
transcription factor. Once in the nucleus, the GR can then act as homo- or heterodimers with or 
without other cofactors in signalling processes; either a transcriptional activator or a repressor, 
depending on the gene and the cellular environment [Fig. E]. 
 
 
Figure E. The glucocorticoid receptor signalling [34]. 
GR dimers are able to bind to the GC response elements (GRE) present in the promoter regions 
of the target genes (Fig. E I). Once bound to the GRE, the GRs recruits co-activator proteins 






GRs can also up-regulate gene transcription using composite GRE mechanisms (Fig. E II), in 
which GCs interact with DNA along with other transcription factors families, such as c-Myb, 
MAPK-phosphatase 1 (DUSP1) and also act as transcriptional activators [33, 35]. 
GC bound GR can also repress target genes via similar mechanisms to those used for activation 
of transcription, by direct DNA binding via negative GRE (nGREs) (Fig. E III and IV). This 
leads to recruitment of co-repressor proteins. Other mechanisms of repression are mediated via 
different DNA-bound transcription factors, such as in the repression of NF-kB action and via 
competition with a transcriptional activator for DNA-binding sites such as repression of FasL 
expression by NF-kB [36]. 
 
Non-genomic actions (also called cytoplasmic effects) of GCs by which they exert a number of 
rapid actions are independent of the regulation of the gene transcription at nuclear level [34 
(Figure F)]. These GCs actions are exerted via membrane associated receptors and their 
signalling cascades. The anti-inflammatory GCs can modulate the activity and/or expression of 
various kinases and phosphatases, the phosphatidylinositol 3’-kinase (PI3K)/Akt pathway 
(caspase independent apoptosis), thus affecting the signalling efficacy toward the propagation 
of pro-inflammatory gene expression and mRNA stability. Conversely, phosphorylation of GR 
can affect GR ligand- and DNA-binding affinity, mobility, and cofactor recruitment, 
culminating in altered transactivation and transrepression capabilities of GR. [34, 37].  
 
1.2.3 GC-mediated apoptosis 
GCs can trigger apoptosis by an extrinsic (non-genomic actions of GCs) or intrinsic pathways 
(genomic actions of GCs), [Fig.F]. The extrinsic pathway is dependent on ligand (GCs) binding 
and subsequent activation of membrane-bound ‘death signal ‘receptors. Activating these 




Figure F. Mechanisms of GC-mediated apoptosis [37] 
The intrinsic pathway is more complex due to mitochondrial implication. This pathway is 
regulated by members of the Bcl-2 family consisting of pro- and anti-apoptotic proteins; they 
act as a “Bcl-2 rheostat” that controls many forms of apoptotic cell death. [39]. Through GC- 
signalling, the expression of the pro-apoptotic Bcl-2 family member Bim increases, which in 
cascade can activate the pro-apoptotic proteins Bax/Bak to disrupt mitochondrial membrane 
potential, resulting in the release of cytochrome c and other pro-apoptotic proteins. This leads 
to caspase activation, a family of proteins responsible for the degradation of targeted cells and 
apoptosis. Apoptosis can occur after the activation of the initiator caspase-8, which subsequently 
activates caspase 3 executors (extrinsic) or after the activation of the initiator caspase-9 




1.2.4 Resistance to anti-apoptotic effects of GC  
Cellular drug resistance is an important cause of the poor prognosis for children with relapsed 
or refractory ALL, but it is uncertain to which drugs and to what extent resistance is present. 
Klumper and co-authors [41] determined in vitro resistance to 13 drugs, comparing the 
resistance to drugs of initial ALL cells to relapse/refractory ALL cells. They observed that 
relapsed cells were more resistant to glucocorticoids, L-asparaginase, anthracyclines, and 
thiopurines, but not vinca-alkaloids, or cytarabine. They argue that specific in vitro drug-
resistance profiles were associated with high-risk ALL groups; and that drug resistance may 
explain the poor prognosis for children with relapsed/refractory ALL. Mechanisms contributing 
to glucocorticoid resistance include altered expression of GC receptor isoforms, altered GR 
expression levels, GR mutations, altered interactions with different kinases or deregulation of 
pro- or anti-apoptotic proteins [42, 43]. 
 
1.2.5 Corticosteroid-related complications 
Given their broad physiological anti-inflammatory and immunomodulatory effects, the 
prolonged use of glucocorticoids in chemotherapy is complicated by numerous side effects 
(diabetes, obesity, increased susceptibility to bacterial and fungal infections, neuro- and bone 
toxicity). These GC side effects are dose and duration dependent. For example, cancer patients 
receiving high dose glucocorticoid therapy and prolonged therapy (>3 weeks) reported a higher 
incidence of toxicity compared with low doses and short duration of DXM [44, 45]. 
 
Bone toxicity, such as osteoporosis (low trauma fractures) and osteonecrosis (in situ bone death) 
are the major clinical consequences of ALL therapy [50]. Although glucocorticoids are known 
to induce apoptosis in chondrocytes, the mechanism for this effect is unknown. Inhibition of the 
PI3K pathway and subsequently Akt phosphorylation seem to be important mechanisms of 
dexamethasone-induced apoptosis. The PI3K/Akt pathway (caspase independent apoptosis) is 




Pharmacogenomics studies the genetic variations of drug-metabolizing enzymes, receptors, 
transporters and how these genetic variations contributes to inter-individual differences 
observed in efficacy and toxicity of drugs.  
 
1.3.1 Genetic and non-genetic source of variation 
The therapeutic response to pharmacologic therapy is considerably modulated by genetic or 
non-genetic variations [Fig. G]. The genetic variations can be acquired in somatic cells or can 
be inherited as germline variations. Although, the somatic (acquired) mutations have been 
shown to be involved in the pathogenesis of a broad spectrum of human diseases, including 
cancer; the last decade has shown that inherited genetic variations (germline) are important 
determinants of inter-patient variability in ALL susceptibility, drug response, including efficacy 
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These variations can take a variety of forms and occur through different molecular mechanisms. 
In addition, ALL phenotypes can be affected by several non-genetic factors such as age, body 
size, drug interaction, organ function and they can affect intra-individual variability in 
therapeutic response. The non-genetic variability and inherited genetic variations can lead to 
adverse effects to drugs (allergy, pancreatitis, osteonecrosis, neurotoxicity) ultimately lowering 
antileukemic effects (relapse, MRD) [46, Fig. G]. 
 
1.3.2 Approaches for Genetic Variation Identification 
Several approaches have been reported for identification of inherited genetic variations. The 
candidate gene approach was among the first strategies used, whereas later, progress in 
technology led to the development of new approaches such as genome-wide association studies 
(GWAS) and whole exome sequencing (WES) that allow broad multiple analysis to identify 
variants across the entire genome or exome.  
 
1.3.2.1 Candidate gene approach 
It relies on a prior hypothesis that the genetics variants (polymorphisms) modulating therapeutic 
response would be located in the gene that is relevant for the drug(s) action.  The candidate gene 
association studies are usually based on the case-control design in which a detected genetic 
variation in cases is compared to controls. Cases are patients with the studied outcome and 
controls are patients that received the same treatment but did not suffer from the same outcome. 
If the frequency of a polymorphism in cases is higher than the one in controls, and statistic tests 
confirm association with a clinical outcome, then the variation is thought to confer a higher risk 
of a given outcome. Different genetic models can be considered in the analysis, such as 
recessive, dominant or additive, expressed in relation to derived (minor) allele. In the latter, 
individuals with two copies of the derived allele might be at a greater risk of studied outcome 
than individuals with a single copy of the variant allele. The candidate gene pharmacogenomics 
studies allowed identification of important genetic variants that have been reported to have 
clinical consequences. Genetic variants of interest were reported for thiopurine methyl 
transferase (TPMT) which metabolizes 6-mercaptopurine (6-MP) a key drug in ALL therapy 
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[47]. Patients who carry two non-functional TPMT alleles experience severe myelosuppression, 
if treated with standard doses of thiopurine. The TPMT-deficient patients require a reduction of 
90% of the standard doses. A 50% reduction of the standard dose is required in heterozygous 
patients (found in 5-10% of the population) that have intermediate levels of enzyme activity. 
Other imported genetic variants identified through the candidate gene approach were described 
in genes coding for dihydrofolate reductase (DHFR) and thymidylate synthase (TS) acting in 
the methotrexate pathway; or in genes of vincristine and asparaginase pathways [48-50].  
 
1.3.2.2 Genome-wide association studies (GWAS) approach 
Genome-wide approaches have also been used to identify germline variations associated with 
ALL therapy [51-55]. GWAS, as opposed to the candidate gene approach, allows the 
examination of thousands of common genetic variants with no prior hypothesis of the gene 
involved, using commercially available SNP arrays from different ethnic populations, 
identifying number of variants associated with a trait. The GWAS are also case-control studies. 
The associated SNPs are considered to mark regions of the human genome that may influence 
the risk of the trait of interest. A fundamental way to report effect size of each genetic variant 
in case-control studies is the odds ratio (OR), the odds of disease for individuals who have a 
specific allele vs. the odds of disease for individuals who do not have that same allele. The 
statistical significance of an association is typically calculated using a chi-square test. For 
GWAS, a Manhattan plot is created that shows the negative logarithm of the p-value as a 
function of genomic location of each SNP studies. Importantly, the p-value threshold for 
significance is corrected for multiple testing. In general, a SNP with a p-value of 5 x 10 -7 or 
higher is considered as significant statistical variant, suggesting its association with the disease 
[56]. GWA studies (and preferably all other association studies) typically perform the first 
analysis in a discovery cohort, followed by validation of the most significant SNPs in an 




1.3.2.3 Whole exome sequencing (WES) approach 
It is a method that targets only a subset of the genome, i.e. coding gene regions (representing 
about 2% of the genome). An advantage over whole genome sequencing approach in using this 
method is that beside the large number of variants identified in the coding region, it significantly 
reduces the sequencing space and therefore the costs. The sequencing approach may also be 
extended to target functional non-protein-coding elements, like microRNA, long intergenic 
noncoding RNA, as well as specific candidate loci [57, 58]. There are two main categories of 
exome capture technology: solution-based and array-based. In solution-based, DNA samples 
are fragmented and biotinylated oligonucleotide probes (baits) are used to selectively hybridize 
to target regions in the genome. Magnetic streptavidin beads are used to bind to the biotinylated 
probes, the non-targeted portion of the genome is washed away, and a DNA from the target 
region is amplified. Then, the sample is sequenced and analyses are performed filtering SNP 
against large public databases, as the dbSNP 1000 Genome Project [59] and HapMap 
(www.hapmap.org) [60]. Array-based methods are similar to solution-based ones, but less 
attractive because they require more input DNA [61]. 
 
1.3.3 Candidate genes studied  
Recently, biological and genetic basis for ON development has been extensively investigated 
by several groups. They have been focused primarily on functional polymorphisms within genes 
involved in bone cell physiology (bone formation and resorption), vascular system (disruption 
of vascular supply to the bone, hypoxia and coagulation defects), oxidative stress, or on DNA 
oxidation injury in bone after steroids [54, 62, 63]. Several polymorphisms of candidate genes 
have been tested by Children’s Oncology Group (COG) and they identified that children with 
SERPINE1 GA/AA genotypes were significantly at risk to develop ON [63]. This gene encodes 
a protein known as plasminogen activator inhibitor-1 (PAI-1). Elevated PAI-1 is a risk factor 
for thrombosis. Another study from St Jude Children’s Research Hospital showed that 
polymorphisms of acid phosphatase1 (ACP1) were associated with risk of Children’s 
symptomatic ON, as well as with lower serum albumin and higher cholesterol levels [54].  
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It has been determined that common genetic variants, including single nucleotide 
polymorphisms (SNPs), influence susceptibility to ON. Therefore, in this study, we performed 
numerous association studies between genetic variation of common DNA polymorphisms in 
genes of corticosteroid pathway and ON development susceptibility. The genes of corticosteroid 
pathway studied in this project are presented in Table A-1, Annexe I, the role of associated gene 
is presented below for more details. 
 
1.3.3.1 BCL2L11 gene 
The B-cell Chronic Lymphocytic leukemia Lymphoma like 11 gene (BCL2L11) is encoding Bim 
protein which is a member of the Bcl-2 family. Bim protein contains a BH3 homology domain 
required for apoptosis and a hydrophobic C-terminal domain required for its translocation to 
mitochondrial membrane where it may interact with other pro-apoptotic proteins [64]. BCL2L11 
has an important role in the default program of cell death by apoptosis, therefore, it may also be 
part of the mechanism of the osteonecrosis by increased osteoblast and osteocyte apoptosis. 
Many groups showed an increasing interest in BCL2L11 polymorphisms and conducted their 
research to investigate whether BCL2L11 deficiency may cause or predispose to disease 
development. The functional consequences of BCL2L11) polymorphisms are previously 
described, resulting in a decrease of leukemia cell apoptosis and in resistance to corticosteroid 
therapy [65]. 
 
1.3.3.2 NFKB1 gene 
The Nuclear Factor of Kappa light polypeptide gene enhancer in B-cells 1 (NFKB1) encodes 
two isoforms, a 50 kDa or 105 kDa protein, which are produced by co-translational processing. 
Due to the presence of the two isoforms, NFKB1 appears to have dual function in the cells. 
When the 105 kDa protein is produced, it functions as a Rel protein-specific transcription 
inhibitor complex (RELA/p65). While, when a 50 kDa protein is produced, it functions as a 
DNA binding subunit of the NF-kappa-B protein (NFKB1/p50) complex [66]. NFKB1 is a 
transcription regulator that is activated by various intra- and extracellular stimuli such as 
cytokines. Activated NFKB1 translocates into the nucleus and stimulates the expression of 
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genes involved in a wide variety of biological functions. Inappropriate activation of NFKB1, 
due to alternative splicing variants, has been associated with a number of inflammatory diseases, 
while persistent inhibition of NFKB1 (for example by GC actions) leads to inappropriate 
immune cell development or delayed cell growth.  
 
1.3.3.3 PARP1 gene 
Poly(ADP-ribose) Polymerase 1 gene (PARP1) is a well-characterized member of the PARP 
family of enzymes. It encodes a 116 kDa, poly (ADP-ribose) polymerase, a protein which 
catalyze poly (ADP-ribosyl)ation, a unique post translational modification in eukaryotic cells. 
By this process, the polymers of ADP-ribose (PARs) are formed and they are covalently 
attached via an ester linkage to glutamic acid of target proteins [67]. Poly (ADP-ribose) 
polymerase has three main domains: the DBD, the auto-modification domain (AMD), and the 
catalytic domain (NAD+-binding domain) [ 68]. The central AMD encodes a 22 kDa protein C-
terminus motif involved in DNA repair and gene transcriptional machinery, thus an important 
role maintaining genome integrity and facilitating cell survival. In addition, the poly(ADP-
ribose) synthesis is important in many other cellular processes, such as chromatin replication, 
transcriptional regulation, and cell death; therefore, PARP-1 has a significant role in signalling 
mechanisms involved in inflammatory disorders.  
 
1.3.3.4 ABCB1 gene 
The (ATP)-Binding Cassette subfamily B member 1 gene (ABCB1), also called multidrug resistance 
protein 1 (MDR1) gene, a member of the ATP binding cassette (ABC) family. This gene codes 
for the permeability glycoprotein (P-gp), which play an important role in the cell, in the efflux 
of exogenous (such drugs) molecules from the cell, preventing their accumulation into the cells. 
P-gp is therefore, an uptake-drug regulator for a large number of drugs, including GC [69], 
which makes this gene of interest. Many polymorphisms have been reported for this gene, 
rs2032582 (G2677T variant of exon 21), associated with increased risk of lung cancer, and 




1.3.3.5 ACP1 gene 
The Acid Phosphatase 1 gene (ACP1), encode a product that belongs to the phosphotyrosine 
protein phosphatase family. It functions as an acid phosphatase and a protein tyrosine 
phosphatase by hydrolyzing protein tyrosine phosphate to protein tyrosine and orthophosphate. 
This gene is genetically polymorphic, multiple alternatively spliced transcript variants encoding 
distinct isoforms have been identified for this gene. The ACP1, rs12714403 has been reported 
as a polymorphism which regulates lipid levels and osteoblast differentiation. It was  associated 
with higher risk of osteonecrosis as well as with lower albumin and higher cholesterol levels 
[54].  
 
1.3.3.6 SHMT1 gene 
The Serine Hydroxy Methyltransferase 1 (SHMT1) encodes a protein known as the pyridoxal-
5′-phosphate-dependent enzyme (PLP enzyme) that catalyzes myriad of biochemical reactions 
in prokaryotic and eukaryotic cells. PLP plays an important role in cellular one-carbon pathways 
by catalyzing the reversible, simultaneous conversions of L-serine to glycine and 
tetrahydrofolate (THF) to 5,10 methylenetetrahydrofolates. This reaction provides the largest 
part of the one-carbon units available to the cell [72].  
 
1.3.4 Genetic association studies  
Several studies of direct associations (also called candidate gene association studies) have been 
reported in which the target polymorphisms are themselves putative causal variants. This type 
of association study is the most common and powerful, but it is difficult to use for all types of 
variants, such as the synonymous or the non-coding variants. Therefore, indirect association 
studies have been developed; the polymorphism used in association is a surrogate (also called 
marker) for the causal locus. These types of association studies allowed the screening of a large 
number of SNP across the whole genome and search for disease susceptibility genes. The 
mapping of susceptibility genes for common complex disorders by the indirect association 
method depends on the existence of association, at the population level, between the causal 
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variants and nearby markers. Such association, because of the proximity of loci on the genome, 
is termed linkage disequilibrium (LD) [73]. 
 
1.3.5 Models and measures of association 
The study design often used for these association studies is a population-based genetic 
association case-control or cohort designs. The data obtained are statistically analyzed by the 
presence or absence of a genetic polymorphism risk. A genetic risk can be considered in terms 
of either a predisposing allele or genotype to disease or of an event occurring in one group 
relative to another. To give an example of an SNP, if we consider a genetic marker consisting 
of a single biallelic locus with alleles a and A. The risk factors for the case versus control status 
(disease outcome) is the genotype or allele at a specific marker. The disease penetrance 
associated with a given genotype is the risk of disease in individuals carrying that genotype.  
 
The association models often used for disease penetrance that implies a specific relationship 
between genotype and phenotype include recombinant, recessive, dominant or additive models. 
The recombinant model consists of the three-possible unordered genotype for the 2 alleles, such 
as a/a, a/A and A/A. Assuming a genetic penetrance parameter γ (γ > 1), a multiplicative model 
indicates that the risk of disease is increased γ-fold with each additional A allele. An additive 
model indicates that risk of disease is increased γ-fold for genotype a/A and by 2γ fold for 
genotype A/A. A common recessive model indicates that two copies of alleles A are required 
for a γ-fold increase in disease risk. A common dominant model indicates that either one or two 
copies of alleles A are required for a γ-fold increase in disease risk [74].  
 
A commonly used and intuitive measure of the strength of the association is the odd ratio (OR), 
which compares the disease penetrance between individuals exposed to different genotype. 
 
1.4 HYPOTHESIS AND OBJECTIVES 
Corticosteroids (CS) are one of the principal components of ALL treatment and are 
administered, either as prednisone or dexamethasone, through all phases of treatment. They are 
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essential for the efficacy of the treatment, but are also associated with drug side effects, such as 
bone morbidity, infections or alterations in glucose and lipid metabolism.  Some patients are 
more prone to develop such treatment complications. Patient genetic background may contribute 
to the variability in treatment responses.   
 
To improve patient care and outcomes, and reduce the adverse drug reactions (ADRs), a 
comprehensive understanding of the contribution of genetic signatures to therapeutic responses 
in childhood ALL is required. Therefore, the main goal of this project was to identify 
polymorphisms that may contribute to toxicity related to corticosteroid treatment in childhood 
ALL patients, notably to corticosteroid-related symptomatic osteonecrosis. 
 
Our strategy was to analyze the available data of candidate genes obtained either through 
genotyping of genes involved in CS action, or through the WES to identify germline variations 
associated with CS-related treatment complications. In addition, we included in our study, 
certain polymorphisms identified through GWAS study that were previously reported to be 
involved in CS-induced osteonecrosis. Moreover, revision of patients’ medical files was 
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Abstract 
Osteonecrosis (ON) is corticosteroid-related complication, reported in children with acute 
lymphoblastic leukemia (ALL). We previously found that BCL2L11 polymorphisms influence 
reduction of overall survival (OS) in a corticosteroid (CS) dose-dependent manner in childhood 
ALL patients. The same set of SNPs in BCL2L11 gene coding for pro-apoptotic Bim protein 
was here investigated for an association with CS-related ON retrospectively assessed in 304 
children with ALL from Quebec (QcALL cohort) who received Dana-Farber Cancer Institute 
(DFCI) ALL treatment protocols. Two-year cumulative incidence of symptomatic ON was 
10.6%. Two BCL2L11 polymorphisms, the 891T>G (rs2241843) in all QcALL patients and 
29201C>T (rs724710) in high-risk group were significantly associated with ON, P = 0.009 and 
P = 0.003, respectively. The association remained significant in multivariate model (HR891TT = 
2.4, 95% CI 1.2 - 4.8, P = 0.01 and C>T (HR29201CC = 5.7, 95% CI 1.6 – 20.9, P = 0.008). Both 
polymorphisms influenced viability of dexamethasone treated lymphoblastoid cell lines (P ≤ 
0.05). The 891T>G influenced Bim gamma isoform levels (0.02) and its association with ON 
was also confirmed in replication DFCI cohort (N = 168, p=0.03). QcALL children had a high 





Osteonecrosis (ON) is one of the major complications of childhood acute lymphoblastic 
leukemia (ALL) treatment (2-4). It can be symptomatic and cause severe pain, joint damage, 
articular collapse or it can remain asymptomatic and cause no disabilities. Although ON induced 
by chemotherapy appears to have multiple causes, the corticosteroids (CS), are considered one 
of the main culprits (5-9). CS, like prednisone (PDN) and dexamethasone (DXM) are widely 
used in ALL protocols (2, 10-12) for their capacity to induce apoptosis of leukemia cells. Beside 
their implication in ON, it has been demonstrated that CS are also involved in osteoporosis and 
vertebral fractures due to their direct action on osteoclasts/osteoblasts by change in their number 
or function, eventually leading to bone loss by increased bone resorption (13-15). Cellular 
apoptotic effect of CS is essentially mediated through glucocorticoid receptors (GRs), a ligand-
activated transcription factor, ubiquitously expressed in various types of cells (16), including 
osteoblasts and osteocytes (17). GR-ligand complexes translocate to the nucleus and initiate a 
transcriptional up-regulation of pro-apoptotic genes in a cell- and gene- specific manner (18, 
19). At physiological concentrations, the CS are key regulators of bone development and cell 
differentiation. However, CS may have an unfavorable effect when used at higher 
concentrations and for a prolonged time. For example, the GR is reversibly down regulated in 
such cases, as a part of physiological feedback loop or up-regulated as a part of a positive 
autoregulation mechanism (20, 21). 
 
Other drugs used in ALL therapy may also contribute to the development of osteonecrosis. 
While DXM increases concentration of many coagulation proteins, asparaginase can reduce 
their synthesis. Therefore, unbalanced levels of coagulation proteins may also be important in 
the pathogenesis of ON (5). The risk of ON may be influenced by clinical prognostic factors, 
like age at diagnostic higher than 10 years (2), female gender (3) and higher body mass index 
(22). Recently, the genetic polymorphisms have been linked to the ON development (23) and 





Several genes may interact with the action of CS. Microarray profiling in CS-induced apoptosis 
models, has shown that CS exposure induces or represses the transcription of pro- or anti-
apoptotic genes. (28). Among these, BCL2L11 gene encoding Bim protein, was found to be up-
regulated by CS. Bim protein is a member of the Bcl-2 family, it contains a BH3 homology 
domain required for apoptosis and a hydrophobic C-terminal domain required for its 
translocation to mitochondrial membrane where it may interact with other pro-apoptotic 
members (29). An increase in the mRNA and Bim isoforms in ALL cells pre-exposed to DXM 
(30) has been shown suggesting that the level of Bim expression in leukemia cells may be an 
important determinant of the sensitivity of ALL cells to CS-induced apoptosis.  BCL2L11 has 
been also described as a key regulator of osteoblast apoptosis; it is reported as induced by DXM 
in a dose- and time-dependent manner in murine osteoblasts, as well as in primary human bone 
marrow stromal cells (31). 
 
Eight tag SNPs in BCL2L11 were previously described by our group (1) in the context of genetic 
association analysis with ALL event-free survival (EFS) and overall survival (OS). Our present 
study aims to establish whether polymorphisms in BCL2L11 gene may affect the risk of ON in 
childhood ALL. The study was conducted in 2 independent patients’ cohorts. In addition, 
functional effect of associated polymorphisms was assessed through their impact on mRNA 
levels and cellular proliferation in cultured lymphoblastoid cell lines (LCLs).  
 
Patients and Methods 
Study population. Discovery (QcALL) cohort consisted of 304 Caucasian children from Quebec 
diagnosed with ALL at the University Health Center (UHC) Sainte Justine, Montreal, Canada, 
for whom both genotype and clinical data were available. Patients were treated in accordance 
with Dana-Farber Cancer Institute ALL Consortium protocols (DFCI 87-01, 91-01, 95-01, or 
00-01) between January 1987 and July 2005. The replication (DFCI) cohort consisted of 168 
Caucasian patients with available clinical and genotype data who underwent treatment with 
DFCI 00-01 protocol in the 9 remaining DFCI Consortium Institutions. Detailed description of 
these cohorts and DFCI treatment regimens is provided elsewhere (1, 10-12, 32). Patient 
characteristics are presented in Table 1.  
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Information on symptomatic osteonecrosis (NCI grades 2-4, Table 2) was collected from 
patients medical files and was defined as persistent bone pain or motor function limitations 
associated with ON lesion confirmed by radiological examination such as X-ray radiography, 
computed tomography (CT) scan or magnetic resonance imaging (MRI). ON was graded in 
accordance with the National Cancer Institute (NCI) Common Terminology Criteria for Adverse 
Events, version 3.0 (33).  
 
Genotyping. The eight tag SNPs (rs2241842, rs2241843, rs73954926, rs72836346, 7582030, 
rs724710, rs72836345, rs6750142), previously described by our group (1), located in regulatory 
and coding regions of BCL2L11 have been investigated for the association with symptomatic 
ON in QcALL cohort. Positively associated SNP was analyzed in replication DFCI cohort. The 
genotypes were either already available or obtained as previously described using PCR - coupled 
Allele Specific Oligonucleotide (ASO) hybridization assay (1, 34).  
 
Statistical analysis. Association of genotype with the presence of ON (at least one incident 
during the 2 years of therapy) was assessed by the chi-square test in all patients and in patients 
assigned to the high risk (HR) group due to higher CS doses administered in these patients. False 
discovery rate (FDR) correction was performed to adjust for multiple testing (35); significant 
results at FDR< 0.05 were retained. Cumulative incidence during 2-years of ALL treatment was 
estimated in Kaplan-Meier survival analysis framework. Hazard ratio (HR) and a 95% 
confidence interval (95% CI) was estimated by Cox's regression analysis in uni-variable or 
multi-variable model. The common prognostic risk factors, including age, sex, CS type and risk 
groups were analyzed beside genotype in the multi-variable models.  Statistical analysis was 
performed by SPSS statistical package (Chicago, IL), version 22.0. 
 
Cellular proliferation assay and Bim expression studies. In vitro cellular viability following 
addition of DXM and PDN to the cultured lymphoblastic cell lines (LCLs) was previously 
described by Gagné V. et al. (1). The assay was here extended to include larger number of LCLs 
and it was performed in 72 and 92 LCLs exposed to DXM and PDN, respectively. The inhibitory 
effect on the LCLs viability was determined by the addition of different concentrations of 
dexamethasone (2.8 x 10 -3 to 560 µmol/L) and prednisolone (0.75 to 750 µmol/L).  Quartile 
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distribution of inhibitory concentrations (IC50) was used to compare the difference in cell 
viability between genotypes significantly associated with ON, using chi-square analysis. 
Expression of total Bim mRNA and its isoforms, previously obtained by quantitative and semi 
quantitative mRNA analysis (1) in LCLs following CS exposure, was compared between 
genotypes using quartile distribution and chi- square test.   
 
Results 
Thirty-two patients were diagnosed with symptomatic ON in QcALL cohort. Symptoms 
consisted of pain, joint rigidity and limp with the involvement of one or several sites (mainly 
femoral head, followed by the ankle, knee, wrist or elbow). The diagnosis was based on X-rays 
(n=23), CT scans (n= 4) or MRI (n=5), Table 2. Most patients developed ON during 
consolidation phase (n=23) and few patients had been diagnosed during induction (n =4) or 
intensification (n=5). The cumulative overall incidence of symptomatic ON during 2-years of 
therapy was 10.5%. Slightly higher (but not significantly different) frequency of ON was seen 
in patients that received DXM or were older than 10 years (Table 2).   
 
Association analysis of eight tag SNPs with ON (Supplemental Table 1) revealed a significant 
association of two polymorphisms following multiple testing adjustment, 891T>G (rs2241843) 
in all patients (p=0.009, Supplemental Table 1A) and 29201C>T (rs724710) in high-risk group 
(p=0.003, Supplemental Table 1B). Patients with 891TT genotype had more frequently ON 
compared to other groups, reflected also by higher cumulative incidence of ON (HR = 2.4, 95% 
CI = 1.2-4.8, P = 0.01, Figure 1A). Similar increase in cumulative ON incidence was noted for 
CC genotype of 29201C>T, which was particularly apparent in patients of high-risk group (P = 
0.003, HR=5.5, 95% CI =1.5-19.8, Figure 1B). The association of 891T>G polymorphism with 
ON remained significant in Cox regression multivariable model when adjusted for covariables 
such as age, sex, risk group or CS types (P = 0.01; HR = 2.4; 95 % CI, 1.2-4.8, Table 3A). In 
this model, the genotype was the only factor predictive of ON. The 29201C>T polymorphism 
remained significantly associated with ON in high-risk group multivariate model, in which CC 
genotype, DXM and age above 10 years were all associated with higher cumulative incidence 
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of ON (HR=5.7, 95% CI 1.6 – 21.9 P = 0.008, HR = 5.9; 95 % CI, 1.8-19.9, P = 0.004, HR = 
3.0; 95 % CI, 1.0-9.2, P = 0.05, respectively, Table 3B).  
 
We next investigated whether 891T>G and 29201C>T may affect in vitro sensitivity to CS or 
Bim mRNA levels following exposure of LCLs to CS. DXM exposed cells with 891TT 
genotype had lower IC50 (P = 0.05, Figure 2A) suggesting higher sensitivity to DXM compared 
to G allele carriers. Likewise, the 29201CC genotype was associated with lower IC50 values 
(p=0.02, Figure 2B).  We previously reported non-significant decrease in Bim  isoforms 
resulting from lower 1 to 2 ratio associated with 29201CC genotype (1).  A similar effect was 
noted here when 891T>G was analyzed with Bim mRNA and its isoforms, whereby DXM pre-
treated LCLs with TT genotype had significantly lower total  mRNA levels (P =0.02, Figure 
2C).  
 
Two polymorphisms were further analyzed for an association with ON in the replication DFCI 
cohort. There was a higher frequency of 891TT genotype among patients who developed ON 
compared to G allele carriers (57 % vs 43 %, P = 0.03, Figure 3), whereas an association with 
29201C>T did not reveal significant results.  
 
Discussion 
Most symptomatic ON cases reported in our study occurred in the continuation phase, but we 
also observed ON development during induction therapy, which is in accordance with a previous 
hypothesis (3, 4) that some subjects may manifest a precondition and develop early symptoms 
of bone morbidity. 
 
Overall cumulative incidences of symptomatic ON related to ALL chemotherapy vary widely 
among the studies (3, 4, 22) ranging from 1% (4) to 11% (17). It seems dependent on other 
clinical risk predictors and was reported to be higher in girls, patients older than 10 years (2, 9, 
36) and in those that received higher cumulative doses of corticosteroids (4, 22). We noticed an 
increase in frequency, although non-significant, in patients older than 10 years and those that 
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received DXM, whereas in high-risk patients, both factors were significant predictors of 
symptomatic ON in multivariate model.  
In our attempt to determine the genetic component of ON, we investigated implications of the 
eight tag SNPs that we previously described in BCL2L11 gene (1). BCL2L11 is involved in the 
default mechanism of apoptosis in normal and malignant cells through GR-CS mediated up-
regulation. Functional defects in Bim protein isoforms may have consequences at cellular level, 
including increased osteoblast and osteocyte apoptosis, as previously described by Espina et al., 
2008 (31). Among SNPs investigated, two polymorphisms, 29201C>T and 891T>G, seem to 
influence the risk of ON development. The 891T>G is a potential regulatory SNP, since it is 
located in the 5’UTR of BCL2L11 gene; The 5’UTR regions contain important cis-regulatory 
elements and their disruption or introduction could affect gene expression and protein 
abundance (37). Indeed, 891T>G is predicted to affect two transcription factor binding sites.  
The TT genotype was associated with increased risk of symptomatic ON; it remained significant 
ON predictor in multivariate model and was successfully replicated in the DFCI cohort. 
Furthermore, the TT genotype conferred higher sensitivity to DXM in LCLs that could explain 
higher incidence of adverse effect seen in patients with this genotype. Several studies have 
shown relationship between cellular sensitivity to DXM and Bim expression (38, 39). We did 
not notice the significant change in the total Bim levels in relation to 891T>G polymorphism. 
However, LCLs with TT genotypes had lower levels of isoform without apoptotic BH3 
domain. Nevertheless, it is worth noting that we used one cell type and a single DXM 
concentration (0.28 M) whose effect on mRNA levels was measured 48h after the DXM 
challenge. It is possible that the effect may vary under different conditions given that the 
expression of mRNA is cell-dependent and influenced by time and DXM-dose used (31, 40). In 
human osteoblast cells, induction of Bim expression was observed at low DXM concentration 
(1nM) to reach a maximum of induction at 1M with higher doses resulting in a reduction of 
mRNA levels (31, 40). 
 
The 29201C>T is a synonymous polymorphism, located in exon 8 of BCL2L11 gene, which was 
predicted to affect transcriptional exonic splicing (1). Similarly, to other studies in which 
synonymous SNPs are reported to affect mRNA splicing, stability, and protein folding (41), we 
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previously reported that in DXM pretreated LCLs, the T allele affected isoforms formation 
resulting in higher toratio (1), which could have explained lower sensitivity of TT 
genotype to CS and reduced OS in ALL patients (1). In line with this observation is a recent 
study, which reported T allele–related decrease in basal expression of the Bim mRNA and 
higher T allele frequency in non-responsive chronic myeloid leukaemia patients treated with 
imatinib. (42). The CC genotype is in contrast expected to confer higher sensitivity to treatment, 
indeed shown in our study through an association with increased ON risk mainly in high risk 
QcALL group who received higher CS doses. This finding was further supported by higher in 
vitro sensitivity to DXM shown by cellular proliferation assay in LCLs. The association with 
ON was not, however, replicated in DFCI cohort, which might be due to lower sample size and 
lower incidence of ON in this cohort. DFCI cohort was composed only of patients treated with 
00-01 protocol in which high-risk patients received lower CS doses during maintenance 
compared to earlier DFCI protocols.  It is worth noting that TT891 genotype is always 
accompanied by CC29201 genotype, so it is possible that diplotypes with these genotype 
combinations are contributing to observing functional effect and higher symptomatic ON 
incidence, whereas CC29201 alone is not sufficient to modulate ON risk. Several limitations of 
our study should be nevertheless mentioned. The incidence of symptomatic ON data was 
collected retrospectively, based on patient medical records, and a reporting bias (under- or over-
estimation of cases) is possible. Stratified analyses were underpowered due to low numbers of 
patients per group, which was more evident in replication cohort. 
 
Among other BCL2L11 polymorphisms reported in the literature, the most studied is an intronic 
deletion polymorphism (43-46) that affect splicing resulting in expression of Bim isoforms 
lacking the pro-apoptotic BH3 domain. This polymorphism is only present with high frequency 
in the Asian population and was reported associated with therapy resistance or early relapse in 
chronic myeloid leukemia or lung cancer patients treated with tyrosine kinase inhibitors (42-
45). Two intronic BCL2L11 SNPs (rs6746608 and rs1261324) were also reported as associated 




Candidate genes and genome-wide association studies (GWAS) identified several 
polymorphisms underlying ON development in ALL patients (24-27), including the 
plasminogen activator inhibitor-1 (PAI-1) rs6092 SNP (27); the rs10989692 in the glutamate 
receptor subunit 3A (GRIN3A) gene (25) and rs12714403 at the SH3YL1-acid phosphatase-1 
(SH3YL1-ACP1) locus (26). Glutamate receptor variants were associated with vascular 
phenotypes, like cerebral ischemia, arterial embolism and thrombosis (25), whereas ACP1 gene 
plays a role in lipid levels regulation and osteoblast differentiation (24). Two additional SNPs 
were identified though GWAS conducted in children younger than 10 years, rs75161997 that is 
polymorphic in non-Caucasians and located near the bone morphogenesis protein 7 (BMP7) 
gene, and rs1891059 at PROX1-antisense RNA1 (PROX1-AS1) locus. (24).  
 
In conclusion, our study identified additional pharmacogenetics markers in BCL2L11 gene 
contributing to ON development in childhood ALL patients.  The TT891 on the background of 
CC29201 genotype increased the risk of ON during the treatment. The finding was further 
supported by increased in vitro cellular sensitivity to CS associated with these genotypes 
coupled with lower expression of gamma Bim mRNA isoforms, suggesting a shift toward other 
BH3-containing isoforms which could induce osteoblast apoptosis driving ON.  
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Table 1. Characteristic of ALL patients in the discovery (QcALL) and validation (DFCI) 
cohort 
Characteristic Number of subjects and frequency (%) 
 QcALL(n=304) DFCI(n=168) 
Sex   
Female 136 (44.7) 80 (47.6) 
Male 168 (55.3) 88 (52.4) 
Age, years   
< 10 245 (80.6) 137 (81.5)  
≥ 10 59 (19.4) 31 (18.5)  
Risk groups   
Standard risk (SR) 152 (50.0) 103 (61.3) 
High risk (HR) 152 (50.0) 65 (38.7) 
Corticosteroids   
Prednisone (PDN) 202 (66.4) 91 (54.2) 
Dexamethasone (DXM) 102 (33.6) 77 (45.8) 
Treatment protocol   
87-01 17 (5.6)  
91-01 55 (18.1)  
95-01 114 (37.5)  
00-01 118 (38.8) 168 (100) 
Osteonecrosis    
Yes 32 (10.5) 7 (4.2) 
No 272 (89.5) 161 (95.8) 











Table 2. Characteristics of ALL patients with or without symptomatic osteonecrosis in 
QcALL cohort. 
Patient and treatment   
characteristics 
No (%) of 
subjects 
No (%) of subjects with ON  
 
ALL treatment phase    
induction  4 
intensification  5 
consolidation  23 
Involved site    
Single site   20 
Multiple sites  12 
Diagnostic study   
X-ray/spine radiographs  23  
CT scan  4  
MRI  5  
Sex   
Female 136 (44.7) 15 (11.0) 
Male 168 (55.3) 17 (10.1) 
Age, years   
< 10 245 (80.6) 24 (9.8) 
≥ 10 59 (19.4) 8 (13.6) 
Risk groups   
Standard risk (SR) 152 (50.0) 18 (11.8) 
High risk (HR) 152 (50.0) 14 (9.2) 
Corticosteroids   
Prednisone (PDN) 202 (66.4) 19 (9.4) 
Dexamethasone (DXM) 102 (33.6) 13 (12.7) 
Treatment protocol   
87-01 17 (5.6) 0 (0.0) 
91-01 55 (18.1) 7 (12.7) 
95-01 114 (37.5) 10 (8.8) 
2000-01 118 (38.8) 15 (12.7) 




Table 3. Risk of osteonecrosis in QcALL patients associated with BCL2L11 891T>G (A) 
and 29201C>T (B) polymorphism in Cox regression multivariate model.  
A 
QcALL cohort: all individuals 
Variable HR 95% CI P 
TT891  2.4 1.2 - 4.8 0.01 
Age, > 10 years 2.2 0.8 - 6.0 0.2 
Corticosteroid, DXM 1.6 0.8 - 3.4 0.2 
Sex, Female 1.1 0.6 - 2.3 0.7 




QcALL cohort: High risk individuals 
Variable HR 95% CI P 
CC29201C  5.7 1.6-20.9.0 0.008 
Age, > 10 years 3.0 1.0-9.2 0.05 
Corticosteroid, DXM 5.9 1.8-19.9. 0.004 
Sex, Female 1.8 0.6-5.3 0.3 
 









Figure 1. A, Cumulative incidence of osteonecrosis in QcALL cohort in relationship to 
BCL2L11 polymorphisms 891T>G in A; and 29201C>T in B  
Total number of patients per genotype (number of patients with ON in brackets) is indicated 
next to each curve. P value obtained by the log-rank test and genotype-associated hazard ratio 
(HR) with 95% confidence interval (CI) are indicated. 
 
Figure 2.  Frequency of BCL2L11 genotypes in relation to cellular viability and expression 
level in DXM pretreated LCL.  
In vitro sensitivity to DXM in relation to 891T>G (A) and 29201C>T (B); level of gamma Bim 
isoform in relation to 891T>G (C). IC50 and Bim expression is presented as interquartile (IQR) 
range. The frequency and number of individuals (in brackets) presented by each genotype (black 
and gray part of the bar), and p value for the difference between groups, estimated by chi-square, 
is indicated on the plots. 
 
Figure 3. The frequency of 891 T>G BCL2L11 genotype in relation to osteonecrosis in 
replication cohort 
The bars represent the frequency of TT genotypes versus other genotype group in patients of 
DFCI replication group with and without osteonecrosis (+ and -, respectively). The number of 
patients represented by each bar, p value for the difference between genotype groups and odds 




Figure 1. Cumulative incidence of osteonecrosis in QcALL cohort in relationship to 
BCL2L11 891T>G polymorphism (A) and 29201C>T polymorphism (B) 
 





































Figure 2. In vitro sensitivity to DXM in relation to 891T>G (A) and 29201C>T (B); level of 







































































































Supplemental Table 1A. Association of BCL2L11 tag SNPs with osteonecrosis in all 
patients of QcALL cohort. 
 
No stratification QcALL patients 
Polymorphism  No of subjects, frequency (%) 
dbSNP Position Genotype Total ON+ ON- P P1 
rs2241842 952 CC 68 12 (37.5) 56 (20.6) 0.08 0.3 
T/C  CT 144 13 (40.6) 131 (48.2)   
  TT 92 7 (21.9) 85 (31.2)   
  Total 304 32 (100.0) 272 (100.0)   
rs2241843 891 GG 76 6 (18.8) 70 (25.8) 0.03 0.009 
T/G  GT 136 10 (31.2) 126 (46.5)   
  TT 91  16 (50.0) 75 (27.7)   
  Total 303 32 (100.0) 271 (100.0)   
rs73954926 -1316 GG 2 0 (0.0) 2 (0.8) 0.7 0.6 
T/G  GT 35 5 (15.6) 30 (11.3)   
  TT 260 27 (84.4) 233 (87.9)   
  Total 297 32 (100.0) 265 (100.0)   
rs72836346 -1878 CC 3 0 (0.0) 3 (1.1) 0.8 0.9 
G/C  GC 35 4 (12.5) 31 (11.8)   
  GG 257  28 (87.5) 229 (87.1)   
  Total 295 32 (100.0) 263 (100.0)   
rs7582030 -274 AA 6 0 (0.0) 6 (2.3) 0.6 0.8 
G/A  GA 71 9 (28.1) 62 (23.6)   
  GG 218 23 (71.9) 195 (74.1)   
  Total 295 32 (100.0) 263 (100.0)   
rs724710 29201 CC 128 19 (59.4) 109 (40.2) 0.09 0.04 
C/T  CT 133 11 (34.3) 122 (45.0)   
  TT 42 2 (6.3) 40 (14.8)   
  Total 303 32 (100.0) 271 (100.0)   
rs72836345 -1952 CC 4 0 (0.0) 4 (1.5) 0.08 0.05 
T/C  TC 52 10 (31.2) 42 (15.7)   
  TT 244 22 (68.8) 222 (82.8)   
  Total 300 32 (100.0) 268 (100.0)   
rs6750142 45139 AA 200 17 (53.1) 183 (67.3) 0.08 0.1 
A/T  AT 94 15 (46.9) 79 (29.0)   
  TT 10 0 (0.0) 10 (3.7)   









Supplemental Table 1B. Association of BCL2L11 tag SNPs with osteonecrosis in patents 
assigned to high risk group, QcALL cohort. 
High riskQcALL patients 
Polymorphism  No of subjects, frequency (%) 
dbSNP Position Genotype Total ON+ ON- P P1 
rs2241842 952 CC 33 5 (35.7) 28 (20.3) 0.3 0.2 
T/C  CT 75 7 (50.0) 68 (49.3)   
  TT 44 2 (14.3) 42 (30.4)   
  Total 152 14 (100.0) 138 (100.0)   
rs2241843 891 GG 36 2 (14.3) 34 (24.8) 0.1 0.04 
T/G  GT 66 4 (28.6) 62 (45.3)   
  TT 49 8 (57.1) 41 (29.9)   
  Total 151 14 (100.0) 137 (100.0)   
rs73954926 -1316 GG 1 0 (0.0) 1 (0.8) 0.7 0.5 
T/G  GT 21 3 (21.4) 18 (13.6)   
  TT 124 11 (78.6) 113 (85.6)   
  Total 146 14 (100.0) 132 (100.0)   
rs72836346 -1878 CC 0 0 (0.0) 0 (0.0) 0.9 0.9 
G/C  GC 20 2 (14.3) 18 (13.6)   
  GG 126 12 (85.7) 114 (86.4)   
  Total 146 14 (100.0) 132 (100.0)   
rs7582030 -274 AA 4 0 (0.0) 4 (3.0) 0.4 0.4 
G/A  GA 34 5 (35.7) 29 (22.0)   
  GG 108 9 (64.3) 99 (75.0)   
  Total 146 14 (100.0) 132 (100.0)   
rs724710 29201 CC 62 11 (78.6) 51 (37.2) 0.01 0.003 
C/T  CT 68 2 (14.3) 66 (48.2)   
  TT 21 1 (7.1) 20 (14.6)   
  Total 151 14 (100.0) 137 (100.0)   
rs72836345 -1952 CC 2 0 (0.0) 2 (1.5) 0.5 0.3 
T/C  TC 26 4 (28.6) 22 (16.1)   
  TT 122 10 (71.4) 112 (82.4)   
  Total 150 14 (100.0) 136 (100.0)   
rs6750142 45139 AA 103 7 (50.0) 96 (69.6) 0.1 0.1 
A/T  AT 43 7 (50.0) 36 (26.1)   
  TT 6 0 (0.0) 6 (4.3)   
  Total 152 14 (100.0) 138 (100.0)   
SNPs id (rs number) from db SNP databases indicated. The ancestral allele is given in bold, the minor allele is 
underlined. P values derived by chi-square reflect the difference across all 3 genotypes and P1 the difference for 
minor allele carriers. The genotyping was not equally efficient for SNPs and the total number of available genotype 
varied from 295-304. The polymorphisms retained for further analysis after multiple testing correction (FDR ≤5%) 
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CHAPTER 3: DISCUSSION 
Results from several clinical studies demonstrated that osteonecrosis and fractures are 
debilitating complications that occur during childhood ALL treatment [49, 51]. The 
corticosteroids are considered as a main risk factor in the development of ON [54]. Fractures 
are an important manifestation of osteoporosis in children with leukemia and are frequently 
asymptomatic thereby they also go undetected and difficult to associate precise risk factors.  
 
Despite clear clinical criteria for diagnosis reported cumulative incidences of ON related to ALL 
chemotherapy vary widely among the studies [76, 77] ranging from 9.3% to 29%. Most of these 
differences are related to study design, particularly the time when the information on 
osteonecrosis was collected, population groups, as well as chemotherapy regimens. Several 
studies addressed the influence of corticosteroids, including type, continuous or discontinuous 
administration, cumulative doses, and duration of therapy in order to derive a preventive strategy 
to decrease the ON occurrence [78]. Despite its higher toxicity [79], DXM remained the drug 
of choice in therapies due to its superior pharmacokinetic characteristics, easier penetration 
through the blood-brain barrier, which is reflected in superior efficacy. ON occurs less 
frequently with alternate weeks rather than continuous DXM administration schedule in high-
risk ALL patients receiving intensified therapy [80]. These results suggest that DXM 
administration at higher cumulative doses and in any treatment phase highly affects the 
incidence of ON. 
 
Based on patient medical records, we performed a comprehensive analysis of clinical outcomes 
(ON and FR) which were confirmed with radiographic imaging examinations (X-ray, MRI, or 
CT scan) that allowed us to unambiguously assign osteonecrosis and/or fractures for each ALL 
patient in QcALL cohort.   
 
Beside BCL2L11 gene, several other candidate genes acting in corticosteroid pathways were 
selected.  The genotypes were obtained either by genotyping or through WES approaches. 
Overall, we analyzed 116 polymorphisms in 52 genes (indicated in Table A-1, Annexe I.) We 
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also included three GWAS polymorphisms: ACP1, rs1274403; PROX1-AS1, rs1891059 and 
GRIN3A, rs10989692. These polymorphisms have been previously identified by GWAS as 
associated with osteonecrosis in ALL patients [54, 55]. All selected polymorphisms were 
analyzed for their possible association with the increased risk of ON and/or FR in QcALL 
patients. The characteristics of the patients who developed or not ON are mentioned in Table 2, 
p. 47. Each polymorphism was analyzed for its association with osteonecrosis based on a 
recoded-3-genotype model, a recessive or a dominant model. In addition, we aimed to replicate 
significant associations in an independent cohort from DFCI, Boston. Statistically significant 
genetic polymorphisms in BCL2L11, NFKB1, PARP1, ABCB1, ACP1, and SHMT1 genes after 
the adjustment for multiple comparison were obtained in QcALL cohort, as shown in Table A-
2, Annexe I. The association of these polymorphisms was not statistically significant for FR or 
for combined phenotype (ON and FR) after multiple testing corrections.  
 
The relationship between identified genes and ON have biological plausibility. BCL2L11 is a 
gene involved in the regulation of cell cycles, and allows the initiation of apoptosis of malignant 
cells [62]. Therefore, BCL2L11 may also be part of the mechanism of the osteonecrosis by 
increased osteoblast and osteocyte apoptosis. ACP1 is an important gene in maintaining lipid 
homoeostasis [54]. ABCB1 codes for P-gp, which acts as an efflux exporter, preventing the 
accumulation of GC within cells [67]. NFKB1 has an important role in the transcription of 
several genes that induce the inflammatory reaction [64]. PARP1 allows the repair and 
maintenance of DNA in the integrity of the genome [65]. SHMT1 plays a role in the metabolism 
of folate as well as in the replication and synthesis of DNA [70]. These genes thus all have an 
effect either on the action of the GCs or on the development of osteonecrosis. 
 
Among BCL2L11 SNPs investigated, two polymorphisms, 891T>G (rs2241843) and 29201C>T 
(rs724710), have been indicated to influence the risk of ON development. The 891T>G is 
located at the 5’UTR of BCL2L11 gene and it is a potentially regulatory SNP. The 5’UTR 
regions contain important cis-regulatory elements and their disruption or introduction could 
affect gene expression and protein abundance [82]. We found that the TT891 genotype was 
associated with increased risk of ON, and it remained significant predictor in Cox's regression 
models with the inclusion of other clinical factors. The BCL2L11 TT891 genotype has shown 
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significant ON association in several groups, mainly in PDN group (p = 0.005) and female group 
(p = 0.007). It was also well replicated in DFCI validation cohort. The BCL2L11 29201C>T is 
a synonymous polymorphism located in exon 8 of BCL2L11 gene. The CC29201 genotype was 
shown to confer increased ON risk, mainly in high risk QcALL group in both uni- and multi-
variable models. Furthermore, the TT891 and CC29201genotype were also associated with 
higher sensitivity to DXM when testing in vitro in lymphoblastoid cell lines (LCLs). It has been 
previously demonstrated that BCL2L11 is a key regulator of osteoblast apoptosis, and that the 
expression of Bim mRNA is cell-dependent, and influenced by time and DXM-dose used. In 
human osteoblast cells, induction of BCL2L11 expression was observed at as low as 1nM of 
DXM to reach a maximum of induction at 1M; and higher doses of DXM (> 1M) resulted in 
a reduction of mRNA Bim [83]. Studies using human cells or rabbit models suggested that GC-
induced ON is associated with osteoblast and osteocyte apoptosis, an ischemia condition that 
finally leads to ON through disruption of the osteocyte network [84, 85].  
 
Other polymorphisms such as, NFKB1, PARP1, ABCB1, ACP1, and SHMT1 were significantly 
associated with ON in QcALL cohort. 
 
The NFKB1 SNP, a +1248 G>A (rs3774932) polymorphism is located in the regulatory region 
(intron 1) of the gene; in which, the ancestral allele G is replaced by the derived allele A in 41% 
of individuals of European ancestry. Among QcALL patients who developed osteonecrosis, 
21.9% individuals had GG, 40.6% had AG and 37.5 % had AA genotype. We found that the 
AA +1248 genotype was associated with increased risk of ON, mainly in DXM (p = 0.001) and 
high risk (p = 0.008) QcALL patient groups [Table A-1, Annexe I]. Based on Cox's regression 
model, the AA patients presented 5.5-fold higher risk of ON in DXM group (p = 0.003) [Fig, 
A-1, Annexe II].  
 
PARP1 SNP, a -219 A>T (rs7531668) polymorphism in the promoter region of the gene; in 
which, the ancestral allele A is replaced by the derived allele T in 21% of individuals of 
European ancestry. The TT-219 genotype had a protective effect; these individuals had lower 
risk to develop ON compared with AA genotype (HR= .267, 95% CI = 0.278-.916), p = .36), 




The ABCB1 SNP, a +4196 G>A (rs3789243) polymorphism in the coding region (exon 4) of 
the gene; has minor allele frequency (MAF) of 47%. Individuals who are homozygous for minor 
allele A presented 4.7-fold higher risk of ON in female group patients (p = 0.003) [Fig. A-3, 
Annexe II].  
 
The ACP1 SNP, a 380 C>T (rs11553746) polymorphism in the coding region (missense variant 
of exon 3) of the gene; has MAF of 47%. This polymorphism was statistically significant in 
high-risk group (p = 0.003) [Table A-2, Annexe I]. with the TT380 genotype presented 4.7-fold 
higher risk of ON in this group of QcALL patients (p = 0.005), [Fig. A-4, Annexe II].  
 
The SHMT1 SNP, a 1420 G>A (rs1979277) polymorphism in coding region (exon 12) of the 
gene; in which, the ancestral allele G is replaced by the derived allele A; MAF is 30 % This 
polymorphism is also involved in amino acid change, in which leucine (LEU) is changed to 
phenylalanine (PHE) at individuals with derived allele A. Individuals with the AA1420 
genotype presented 3.5-fold higher risk of ON in females group QcALL patients [Fig. A-5, 
Annexe II]. Among patients of DFCI two polymorphisms were replicated. The SHMT1 
polymorphism showed an increased risk of developing osteonecrosis in female group (p = 0.02), 
in patients treated with PDN (p = 0.0007), standard risk patients (p = 0.0001) and in children 
less than 10 years old (p = 0.002), whereas APC1 polymorphism has shown significant 
association with the development of osteonecrosis in girls (p = 0.02). (result not shown). 
The results of this study showed an association of these genes with ON reported in some ALL 
patients treated with GC; however, further association analysis and function related assays 






Over the last decade, many pharmacogenomic studies have been conducted to identify genetic 
factors contributing to treatment responses including ON or other toxicity related to ALL 
therapy. These studies could help identify patients who are at high risk of developing drug 
toxicity, patients that undergo early relapse, or who are less likely to derive full therapeutic 
effects from ALL medication. Specific aim of pharmacogenomics is to individualize treatment 
based on patients' genotype, in order to increase treatment efficacy while reducing drug side 
effects. 
 
The candidate gene approach is one of the strategies that has been used by different groups to 
identify and associate specific genotype in response to treatment, pharmacological phenotypes, 
or beyond pharmacogenomics, with complex diseases or traits. To date, most association studies 
of ALL pharmacogenomics have been based on the candidate gene approach. Thereby in our 
study, using the candidate gene approach, we had the advantage to include specific genes of 
interest, such as genes known to be involved in metabolic pathways (methotrexate) and CS 
action (e.g. glucocorticoids receptor, pro- and anti-apoptotic genes). The drawback of this 
approach was that it evaluates only a restricted number of polymorphisms, in a preselected gene 
of interest. GWAS or other genome based approaches are designed to capture larger patterns of 
variation architecture. This process greatly increased the number of SNP that could be identified 
and tested for the association.  
 
Limits of the study.  
In both cohorts (QcALL and DFCI), the number of patients played an important role in analysis, 
mainly when stratification for prognostic factors has been performed. Moreover, knowing that 
ON is a multifactorial trait, other patient characteristics (for example body mass index) might 
be necessary to be included in the analysis.  
The incidences of ON and FR were determined retrospectively, based on patient medical 
records, in which only symptomatic osteonecrosis was recorded. This leads us to think that some 




The results obtained in DFCI are mostly reliable, but are limited by the number of patients and 
the protocol. This cohort was composed only of patients treated with the 2000-01 protocol in 
which high-risk patients received lower CS doses during maintenance compared to earlier DFCI 
protocols. In addition, data from the DFCI cohort did not allow us to analyze the results over 
time, with time-to-event statistics tests such Kaplan-Mayer and Cox regression.  
In conclusion, our study suggests that BCL2L11 gene together ACP1, and SHMT1 are potential 
candidates associated with osteonecrosis in QcALL patients. The results obtained with NFKB1, 
PARP1, ABCB1 require further replication studies with a larger sample size to validate these 
associations. On this, BCL2L11 polymorphism comes to our attention as the most potent 
candidate since its implication in the treatment efficacy in ALL patients has already been 
reported by our group.  
 
3.2 PERSPECTIVES 
The availability of GWAS and WES approaches has made the human genetic association studies 
possible to identify common and rare variants underlying complex diseases on a genome-wide 
scale.  
 
The next- generation sequencing coupled with the genetic association studies is expected to 
discover novel rare variants for a better interpretation of disease. This type of analysis uses a 
procedure that eliminates potential noisy SNPs having little or no contribution to a disease 
status, hence greatly improves the testing power for a gene- or pathway-based analysis. Much 
of the interest surrounding genetic association studies centers on the potential clinical 
application of polymorphisms that serve as markers for disease. Moreover, it has been proposed 
that these markers can both serve as predictors of disease and to tailor treatment of disease. 
Using these approaches novel genetic variants underlying complex diseases have been 
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ANNEXE I  
Table A-1. The characteristics of the polymorphisms used in this study. 
GENE NAME SNPs rs LOCATION   REGION REF/ALT MAF LD correlation (r2) 
 CANDIDATE 
GENE 
     
ABCB1 rs2888599 7:87229025 Intron 3 C/T 0.03  
 rs4728709 7:87233602 Intron 1 G/A 0.17  
 rs3789243 7:87220886 Intron 4 A/G 0.48  
 rs1128503 7:87179601 Exon 13 A/G 0.42  
 rs2235046 7:87174066 Intron 17 T/C 0.44  
 rs2032582 7:87160618 Exon 22 A/T/G 0.34 r2 = 0.848 
(rs1128503) 
 rs1045642 7:87138645 Exon 27 A/G/T 0.4  
ADPRT_PARP1 rs1341336 1:226596389 RR A/G 0.43  
 rs7531668 1:226596019 RR A/T 0.24  
Apaf1 rs2289315 12:99038549 5'UTR G/A 0.05  
 rs2289317 12:99038707 5'UTR A/C 0.12 r2= 0.963 
(rs76396995) 
 rs76396995 12:99038881 RR T/A 0.08  
ATM rs4987876 11:108092637 RR G/T 0.08  
 rs228589 11:108093208 RR A/T 0.47  
Bad rs2510066 11:64052447 RR C/T 0.26  
Bcl2 rs62098660 18:60988146 RR G/A 0.28  
 rs2279115 18:60986837 5'UTR G/T 0.45  
Bid rs366542 22:18257735 RR C/T 0.38  
 rs386333 22:18258382 RR A/G 0.09  
Bim BCL2L11 rs2241842 2:111879415 Intron 1 A/G 0.42  
 rs2241843 2:111879381 Intron 1 C/A 0.4  r2 = .0776 
(rs2241842) 
 rs73954926 2:111877175 RR T/G 0.12  
 rs72836346 2:111876613 5'UTR G/C 0.04  
 rs7582030 2:111878227 RR G/A 0.16  
 rs724710 2:111907691 Exon 3 T/C 0.27  
 rs72836345 2:111876539 5'UTR T/C 0.05  
 rs6750142 2:111923629 3'UTR A/T 0.16  
Birc4 rs5956578 X:122992696 RR G/C   
 
 
BRCA1 rs4793204 17:41 279 298 RR A/G 0.33 r2 = 0.963 (rs799906)  
 rs799906 17:41278116 RR T/C 0.45  
 rs8176071 17:41278005-
41278006 
RR del/TGT/T 0.35  
 rs3092986 17:41277996 RR T/C 0.03  
BRCA2 rs206114 13:32888062 RR A/C 0.42  
 rs36221753 13:32888352 RR TTAGC/-   
 rs206115 13:32888473 RR C/T 0.42 r2 = 0.849 (rs206114) 
 rs206116 13:32888483 RR G/A 0.4 r2= 0.855 (rs206117)  
 rs206117 13:32888709 RR C/T 0.4  
 rs3092989 13:32889363 RR G/A 0.18  
DDIT4 rs1053639 10:74035041 3'UTR T/A 0.48  
 rs8316 10:74035297 3'UTR C/T 0.39 r2=0.94 (rs1053639) 
FKBP5 rs9380526 6:35658327 RR C/T 0.34  
 rs11545925 6:35542526 3'UTR T/A 0.05  
KIAA0101 rs11635527 15:64675313 RR C/T 0.15  
MCL1 rs9803935 1:150552622 RR T/G 0.4  
NFKB1 rs11940017 4:103420759 RR T/C 0.13  
 rs28362491 4:103422155-
103422158 
RR ATTG/del 0.418  
 rs3774932 4:103424193 Intron 1 A/G 0.4  
 rs1599961 4:103443569 Intron 2 G/A 0.44  
 rs3774956 4:103508526 Intron 11 C/T 0.45  
 rs1609798 4:103537442 Intron 17 C/T 0.29  
NFKB2 rs17114509 10:104154326 5'UTR 
(exon1) 
G/del 0.35  
 rs36226954 10:104155345 Intron 1 T/C 0.02  
 rs11574849 10:104159696 Intron 13 
/14  
G/A 0.08  
 rs7897947 10:104157711 Intron 7/8 T/G 0.28  
NFKBIA rs3809446 14:35875377 RR A/G 0.21  
 rs2233409 14:35874270 RR G/A 0.16  
 rs1957106 14:35873770 Exon 1 G/A 0.24  
 rs8904 14:35871217 3'UTR 
(exon6) 
G/A 0.42  
NR3C1 rs10052957 5:142786701 Intron 1 G/A 0.25  
 rs10482605 5:142783521 Intron 1 A/G 0.12  r2 = 0.958 (rs6198) 
 rs41423247 5:142778575 Intron 1/2 G/C 0.28  
 
 
 rs6198 5:142657621 3'UTR T/C 0.09  
NUSAP1 rs10518718 15:41624224  RR G/A 0.1  
 rs7178777 15:41634588 5'UTR C/A 0.26  
 rs10518717 15:41623368 RR C/G 0.12  
 rs7168431 15:41672384 3'UTR A/G 0.13  
SNF1LK rs587087 21:44835301 3'UTR G/A 0.14  
 rs3366 21:44834825 3'UTR G/T/A/C 0.21  
 rs229343 21:44836213 3'UTR C/T 0.44  
 rs3746951 21:44846016 Exon 2 C/T 0.2  
 rs17004546 21:44840138 Exon 8 G/A 0.03  
 rs73380290 21:44835347 3'UTR G/A 0.09  
SOCS1 rs193778 16:11351211 RR A/G 0.14  
 rs243330 16:11350991 RR C/T 0.44  
TXNIP rs7212 1:145442254 3'UTR G/C 0.19  
 rs2236566      
 rs17221744      
YWHAQ rs10203320 2:9771620 RR T/C 0.2  
 rs2091210 2:9771200 RR C/G/A 0.38  
YWHAB rs3092669  20:43513431 RR C/G 0.32  
ZBTB16 rs1350248 11:113928482 RR C/A 0.14  
 rs11214857 11:113929550 RR A/G 0.34  
 GWAs genes 
 
     
ACP1 rs12714403      
GRIN3A rs10989692      
PROXI rs1891059      
SH3YL1 rs4241316      
       




     
ABCC1 rs45511401 16: 16173232     
ABCC3 rs9890046 17: 48712711     
 rs11568591 17: 48761053     
 rs12604031 17: 48712705     
ABCC4 rs2274407 13: 95859035     
ACP1 rs11553746 2: 272203     
 
 
ADORA3 rs35511654 1: 112042787     
APOB rs676210 2: 21231524     
 rs679899 2: 21250914     
 rs1367117 2: 21263900     
APOE rs440446 19: 45409167     
 rs7412 19: 45412079     
BAD rs2286615 11: 64039175     
GSTM1 rs147668562 1: 110231746     
HSP90AA1 rs8005905 14: 102568367     
MTHFR rs1801133 1: 11856378     
MTRR rs1805087 1: 237048500     
 rs10380 5: 7897191     
 rs1801394 5: 7870973     
NCOA3 rs2230782 20: 46264888     
NCOR2 rs2229840 12: 124826462     
PIK3CA rs2230461 3: 178927410     
PPARA rs1800206 22: 46614274     
PPARGC1A rs3736265 4: 23814707     
SERPINA6 rs2228541 14: 94776221     
SHMT1 rs1979277 17: 18232096     
SLC22A1 rs12208357 6: 160543148     
SLC22A2 rs316019 6: 160670282     
SLC22A4 rs272893 5: 131663062     
SLCO1A2 rs11568563 12: 21457434     
SLC22A4 rs1050152 5: 131676320     
SLCO1B1 rs4149056 12: 21331549     
SLCO1B3 rs60140950 12: 21028208     











AGE, years SEX RISK GROUPS 




0.333 0.074 0.524 0.128 0.110 0.552 0.127 0.009 
 RCS 0.069 0.948 0.024 0.553 0.043 0.038 0.551 0.338 0.003 




0.049 0.100 0.298 0.363 0.043 0.007 0.889 0.168 0.251 
 RCS 0.463 0.210 0.840 0.662 0.522 0.364 0.870 0.264 0.899 




0.033 0.194 0.104 0.046 0.642 0.056 0.354 0.230 0.117 
 RCS 0.382 0.271 0.961 0.276 0.850 0.288 0.837 0.674 0.378 
 DOM 0.009 0.080 0.049 0.013 0.449 0.017 0.165 0.089 0.038 
BCL2L11 
rs724710 
REC 0.094 0.399 0.159 0.123 0.777 0.347 0.273 0.532 0.011 
 RCS 0.188 0.254 0.490 0.168 0.718 0.420 0.296 0.279 0.443 




0.109 0.940 0.004 0.347 0.311 0.044 0.162 0.899 0.030 
 RCS 0.036 0.941 0.001 0.148 0.127 0.042 0.300 0.647 0.008 




0.074 0.029 0.662 0.077 0.728 0.022 0.004 0.060 0.679 
 RCS 0.101 0.026 0.584 0.166 0.433 0.974 0.001 0.180 0.384 




0.412 0.814 0.156 0.673 0.313 0.013 0.144 0.414 0.255 
 RCS 0.186 0.687 0.057 0.422 0.136 0.016 0.524 0.520 0.211 
 DOM 0.538 0.541 0.766 0.527 0.796 0.462 0.127 0.189 0.575 
 
 
Osteonecrosis (ON), prednisone (PDN), dexamethasone (DXM), Recoded (REC) as 3 
genotype groups, homozygous for major allele, heterozygous and homozygous for minor allele; 






















ANNEXE II  






Figure A-2. Relation between -219A>T polymorphism and risk of ON, in PDN group, 






Figure A-3. Relation between +4196G>A polymorphism and risk of ON in female group, 





Figure A-4. Relation between 380C>T polymorphism and risk of ON in high risk group, 







Figure A-5. Relation between 1420G>A polymorphism and risk of ON in high risk group, 
QcALL cohort. 
 
 
